As the most abundant protein in chicken eggs, ovalbumin plays an important role in the processing of high value-added poultry products. The present study investigated the effects of hydroxyl radical-induced early stage oxidation on the physicochemical and interfacial properties of chicken egg white ovalbumin. Protein carbonyl content of ovalbumin increased (from 0.78 to 1.13 nmol/mg) with the oxidation time (0-5 h), while free sulfhydryl content (from 0.43 to 0.09 nmol/mg) and free amino group content (from 0.49 to 0.43 nmol/mg) decreased. Sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis showed that the exposure of ovalbumin to hydroxyl radicals caused self-cross-linking and resulted in the formation of dimers and trimers. Accompanied by these changes, the surface hydrophobicity of ovalbumin was enhanced about 1.5-fold with the deepening of oxidation, and the value of zeta potential became more negative (from -7.15 to -20.51 mv). About 2 h of moderate oxidation improved the foaming and emulsifying properties of ovalbumin (1.2-fold to 1.8-fold), while excessive oxidation (3 h) decreased these interface properties. Hydroxyl radical-induced oxidation changed the surface chemical groups and structures of ovalbumin, thereby affecting the surface properties. The foaming and emulsifying properties of ovalbumin could be improved by oxidation, increasing the application possibilities of ovalbumin in the food interface system.
INTRODUCTION
Chicken egg white ovalbumin (OVA) is an important representative protein in food research and industry applications. The internal hydrophobic groups and surface hydrophilic groups of OVA result in excellent interface properties, and it is widely used as an emulsifier and foaming agent (Xiong et al., 2016b; Sheng et al., 2018) . However, various needs in food industry require more powerful properties, and the improvement in the functional properties of OVA is expected to expand its applications in the food industry. Previous studies have been conducted to improve the functional properties of OVA and investigate the effects of physical treatments and chemical modifications on the properties of OVA. High-intensity ultrasound treatment increased the emulsifying activity and foaming ability of OVA but did not significantly affect the stability of emulsification and foaming (Xiong et al., 2016a) . The glycation of OVA with carboxymethyl cellulose (CMC) promoted the emulsifying properties and foaming stability of OVA-CMC conjugates . Xiong et al. demonstrated that the phosphorylation treatment of OVA increased negative charges and intermolecular repulsion, and improved the emulsifying ability and stability (Xiong Zhang and Ma, 2016b; Xiong and Ma, 2017) . Moreover, dynamic high-pressure microfluidization enhanced the foaming and emulsifying properties of OVA by inducing the unfolding of OVA molecules (Liu et al., 2017b) .
The oxidation of food components and its effect on the properties/bioactivities is a hot topic in food research field, such as polyphenols and flavones, lipid oxidation, protein oxidation (Lund et al., 2011; Teng et al., 2017; Chen et al., 2018) . In the aspect of nutrition and health, the structure changes of food composition caused by oxidation might have potential effects on its digestion, absorption, and metabolism Estévez and Luna, 2017; Teng et al., 2018) . From the aspect of food processing, food protein oxidation during storage and processing is a major concern, and lots of studies have demonstrated that oxidationinduced modification has a significant impact on the 1047 functional properties of food proteins (Chen et al., 2013a; Soladoye et al., 2015; Estévez and Luna, 2017) . Reactive oxygen species (ROS), which exist in food materials or generate from the oxidation of food components, are recognized as the initiators of food protein oxidation. ROS attacked the backbone and the side chain functional groups of peptide/protein, leading to the formation of protein radical, and finally resulting in the modification of amino acid side chain (primary carbonylation of arginine, lysine, and proline), protein cross-linking (disulfide bond or covalent bond), as well as proteins fragmentation (Lund et al., 2011; Estévez and Luna, 2017) .
Study showed that oxidation could change the electric charge, surface properties, and molecular flexibility of myofibrillar proteins, and had a negative effect on its emulsification , while other reports demonstrated that the moderate oxidization of SPI (soy protein isolate) had a positive effect on its emulsion stability (Chen et al., 2013b) . However, the effects of oxidation on egg white proteins have not been elucidated. Up to date, there are only two studies regarding the oxidation of chicken egg white OVA. Takahashi et al. investigated the effects of anodic oxidative modification on egg white proteins to show that the anodic oxidation of OVA resulted in formation of disulfide bonds and cross-linkages, leading to unique gel-forming properties such as softened texture and lower gelation temperature (Takahashi et al., 2016a,b,c) . The effects of oxidation induced by lipid hydroperoxides on the OVA were also studied, and the results indicated that moderate oxidizing conditions could enhance the gel strength of OVA (Bao et al., 2017) . These studies indicated that the structure, physicochemical, and functional properties of OVA could be significantly changed by oxidative modifications.
The hydroxyl radical-generating system (HRGS), based on the Fenton reaction, is the most widely used free radical generating system in the oxidation of food proteins. In the present study, the effects of hydroxyl radical-induced early stage oxidation on OVA were investigated, and based on the observed changes in the structural and molecular properties, and the foaming and emulsifying properties of oxidized OVA were particularly studied.
MATERIALS AND METHODS

Preparation of Oxidized Ovalbumin
Fresh chicken eggs from White Leghorns laid within 24 h were used for the purification of OVA. Preparation of oxidized OVA was performed as previously described with modification (Geng et al., 2012) . Briefly, fresh chicken egg white (200 g) was diluted with an equal volume of distilled water and followed by PEG precipitation (polyethylene glycol 8000, 15%, w/w) to obtain OVA-rich precipitate (P 15 ). After that the precipitate was suspended in Tris-HCl buffer (pH 8.0, 20 mmol/L) and further purified by Q Sepharose Fast Flow column (50 × 1.6 cm, automatic low-pressure liquid chromatography system, JiaPeng Technology Co., Ltd., Shanghai, China). The flow-through fraction was eluted using Tris-HCl buffer (pH 8.0, 20 mmol/L), followed by successive elution using the Tris-HCl buffer containing 0.08, 0.18, and 0.30 mol/L NaCl, respectively, at a flow rate of 2 mL/min. The fractions of peak eluted by 0.18 mol/L NaCl was collected, and the eluent was desalted with distilled water and lyophilized. The purified OVA were stored at -80
• C for further treatment and analysis.
OVA were oxidized in a HRGS at room temperature up to 5 h (Wang et al., 2013; Huang et al., 2015) . The HRGS consisted of 0.1 mmol/L FeCl 3 , 1 mmol/L ascorbate, and 5 mmol/L H 2 O 2 in an aqueous solution. Oxidation was terminated by adding 1 mmol/L ethylenediaminetetraacetate (final concentration). The oxidizing conditions, with the indicated time, were selected based on preliminary trials that produced a range of oxidative modifications of OVA (Ox-OVA).
Determination of Protein Oxidation
The carbonyl groups were measured by 2,4-dinitrophenylhydrazine according to Mesquita et al. (2014) . Total sulfhydryls (-SH) content was measured as described by Gutsche et al. (2009) . Free amino group content was determined by its derivatization with Ophthalaldehyde (Liu et al., 2017a) . Five replicates were performed for each sample.
SDS-PAGE and MALDI-TOF MS/MS
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed using 12% polyacrylamide gels. Approximately, 8 μg of protein samples was loaded onto the gel. Pre-stained protein markers of high-range molecular weight (BeyoColor, Beyotime Institute of Biotechnology, Shanghai, China) were loaded for the comparison of molecular weights. The protein bands were stained with Coomassie Brilliant Blue R-250 (0.1% in the staining solution, containing 25% ethanol and 8% acetic acid) for 30 min at 45
• C and destained by diffusion in destaining solution (25% ethanol and 8% acetic acid; Geng et al., 2012) .
For identification, the candidate protein bands were excised from the gel and digested with trypsin (Promega, Madison, WI, USA). The digested peptides were identified using a MALDI-TOF MS/MS (Bruker, Karlsruhe, Germany). Data were searched against the protein database (NCBInr, Gallus gallus) via the MAS-COT program (http://www.matrixscience.com; Geng et al., 2017).
Determination of Surface Hydrophobicity
The surface hydrophobicity was determined according to the method described by Zhao et al. with modification (Zhao et al., 2016) . Crude OVA and oxidized ovalbumin (Ox-OVA) samples were dissolved in a phosphate buffer solution (50 mM, pH 7.8) and at a final protein concentration of 5.0 mg/mL; then, gradient dilutions were made as 0, 0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL. Subsequently, 5 mL of 200 mM 8-anilino-1-naphthalene sulfonate (in the same phosphate buffer) was added to 1 mL of the OVA or Ox-OVA solutions. After incubating in dark at room temperature for 10 min, the fluorescence intensity was measured using a fluorescence spectrometer (RF-5301, Shimadzu, Kyoto, Japan). The excitation wavelength was 390 nm with a slit width of 5 nm, and the emission wavelength was 480 nm. Fluorescence intensity and proteins concentration curves were obtained, and then the slopes of the curves were calculated as the surface hydrophobicity (S 0 ; Alizadeh-Pasdar and Li-Chan, 2000; Zhao et al., 2016) . Five replicates were performed for each sample.
Determination of Zeta potential
Crude and Ox-OVA samples were dissolved in phosphate buffer at pH 7.2 with a final protein concentration of 2.0 mg/mL and filtered using 0.45 μm microfiltration membrane. Prepared solutions (1 mL) were injected into the measurement chamber, and the zeta potential was measured using a Zeta-sizer Nano-ZS instrument at 20
• C (Malvern Instruments, Malvern, UK; Xiong, Zhang and Ma, 2016b; Xiong and Ma, 2017) . Five replicates were performed for each sample.
Measurement of Foaming and Emulsification Properties
OVA or Ox-OVA solution (100 mL, 1%, w/v) was added to a graduated cylinder (500 mL), and homogenized with a homogenizer (ME100L, Quanjian electromechanical Co Ltd., Shanghai, China) at 16,000 r/min for 2 min at room temperature. After homogenization, the total volume of foam was measured at 0 min (V 0 ) and 30 min (V 30 ), respectively. The foaming capacity (FC) and foam stability (FS) of OVA or Ox-OVA were calculated using the following formulas (1) and (2; Guo et al., 2015) F C (%) = V 0 − 100 100 × 100% (1)
The emulsions were prepared by the method described in the previous study (Xiong, Zhang and Ma, 2016b) . Briefly, 6 mL of corn oil was added to 24 mL of OVA or Ox-OVA solutions (10 mg/mL in phosphate buffer solution, 50 mM, pH 7.4), and the mixtures were then emulsified with a high-shear dispersion homogenizer (JRJ300-S, Shanghai Specimen and Model Factory, Shanghai, China) at 10,000 r/min for 90 s (25 • C). Then, 10 mL emulsion was taken from the bottom of the solution and mixed with 5 mL of sodium dodecyl sulfate solution (0.1%, w/v). The absorbance of the mixture was measured at 500 nm by a UV-Vis spectrophotometer (DU700, Beckman Coulter Inc., Fullerton, CA, USA). The emulsifying activity index (EAI) was represented by the absorbance at 500 nm measured immediately after the formation of emulsions (A 0 ), and the emulsion stability index (ESI) was estimated under the same condition after 10 min (A 10 ). The EAI and ESI values were calculated based on the formulas (3) and (4), respectively (Kato et al., 1990; Guo et al., 2015) .
On the above formulas, N is the dilution ratio (N = 51), C is the mass concentration of protein before emulsion (g/mL), F is the volume fraction of oil in emulsion (0.25); Δt is 10 min. Five replicates were performed for each sample in this part.
Statistical Analyses
All measurements were carried out in five replicates. Results are expressed as mean values ± standard error of the mean. Statistical significance (P < 0.05) was determined using GraphPad Prism version 7.00 (GraphPad Software Inc., SanDiego, CA, USA).
RESULTS AND DISCUSSION
Oxidation of OVA
Proteins are sensitive to the attack of free radicals, which are easy to result in the formation of carbonyl compounds and the disappearance of reducing groups in the early stage of oxidation. In the present study, chicken egg white OVA were oxidized in a HRGS (Fenton system), and the protein carbonyls and -SH in treated OVA samples were determined to evaluate the degree of oxidation.
As shown in Figure 1A , the protein carbonyls in OVA samples continuously increased with oxidation time during the first 3 h (P < 0.05), and reached 1.12 nmol/mg, which was 1.4-fold of crude OVA. However, after 3 h, there was no further increase in the carbonyl content. Correspondingly, free -SH content was rapidly decreased in the first hour of oxidation treatment, and then decreased slowly with oxidation time, and declined by 74% after 5 h treatment ( Figure 1B) . The increase in protein carbonyls and decrease in -SH suggested that the oxidation degree of OVA deepened with the oxidation time. Notably, there were some differences in the change rate of these two groups, carbonyl content linearly increased in 0 to 3 h, while -SH were almost depleted in the first hour. These results indicated that the formation of disulfide bonds happened in the early stages of oxidation, while the formation of carbonyl groups was a continuous process.
These results showed that OVA was effectively oxidized by the hydroxyl radicals, which were produced by the Fenton system, and the extent of oxidation depended on the treatment time. Since the protein carbonyl content did not increase significantly after 3 h, it meant that oxidation came to the advanced stages (Utrera et al., 2014) . The present study focused on the early stages of oxidation, so the ending point of the oxidation treatment was set to 3 h in the subsequent experiments.
Self-cross-linking of Ox-OVA
The formation of aggregates is also a typical event in the process of protein oxidation. The hydroxyl radical oxidation induced cross-linked protein derivatives and multimers can occur through several different pathways, including the formation of disulfide bond between protein molecules, as well as the dityrosine crosslinking and the carbonylation of certain amino acid residues (Xiong et al., 2009; Utrera et al., 2014) . In this study, SDS-PAGE analysis of Ox-OVA was carried out with the reducing agent (2-mercaptoethanol), and the results showed that several additional bands appeared on the electrophoretic gel after the oxidation treatment (Figure 2 ). Two bands (highlighted using the dashed box) were further identified using MALDI-TOF MS/MS analysis, and the results confirmed that both bands were chicken OVA (Table 1) . The molecular weight of the two bands was about 80 kDa and 110 kDa, respectively, indicating that they were the dimer and trimer of OVA. Moreover, these multimers of OVA were self-cross-linked by nondisulfide covalent bonds because the disulfide bonds would be cleaved by the reducing reagent in the normal SDS-PAGE.
The electrochemically mediated OVA cross-linkage aggregation has been recently investigated. The dimer and trimer of OVA were observed on the SDS-PAGE without 2-mercaptoethanol after electrolysis treatment but disappeared on the SDS-PAGE with 2-mercaptoethanol. The results suggested that the cross-linkages were broken by the reducing reagent (2-mercaptoethanol) and indicated that electrochemical oxidation mainly resulted in the formation of a disulfide bond between the OVA molecules (Takahashi et al., 2016a,c) . However, in another study, the covalent aggregation of OVA was also found on the SDS-PAGE with reducing reagents, and these results were similar to the present study (Omana et al., 2011; Qiu et al., 2012; Geng et al., 2015) . This type of non-disulfide crosslinking is presumably formed by the dityrosine crosslinking and carbonylation. The cross-linking sites need to be identified to clarify the mechanism of aggregate formation in future studies. However, the formation of aggregates will have an important impact on the physiochemical characteristics and functional properties of OVA. Figure 2 ; bond 2 refers to the marked bond in lane 5 (3 h) of Figure 2 .
2 Protein score is -10 × log (P), where P is the probability that the observed match is a random event.
Surface Hydrophobicity and Zeta Potential of Ox-OVA
For the attack of hydroxyl radical on the surface groups of OVA, the molecular characteristics of Ox-OVA would be changed during the oxidation, particularly surface properties such as surface charge and surface hydrophobicity.
Protein surface hydrophobicity is an indicator of the degree of hydrophobicity on the surface of a protein molecule. In the present study, 8-anilino-1-naphthalene sulfonate fluorescent probe method was employed to evaluate the surface hydrophobicity of the OVA samples. Changes in the surface hydrophobicity of OVA during the oxidation process under treatment with hydroxyl free radical were shown in Figure 3A . The surface hydrophobicity of Ox-OVA was significantly increased with treatment time during 0 to 2 h (P < 0.05); however, after 2 h, although the surface hydrophobicity showed an increasing trend, there was no significant difference. During the oxidation treatment of OVA, several changes affected the protein surface hydrophobicity. Carbonylation of alkaline amino acids on the surface of proteins contributed to the increase in hydrophobicity (Lund et al., 2011) . Besides, the conformation of protein could be affected by oxidation, leading to an increase in the disordered structure, thus, causing some degree of molecular stretch and the exposure of internal hydrophobic groups (Bao et al., 2017) Moreover, hydroxyl radicals attacked the side chains of the protein surface, particularly the side chains of polar amino acid, and caused a conversion of hydrophilicity to hydrophobicity.
Zeta (ζ) potential is usually used to measure the magnitude of electrostatic interactions between a solid and its surrounding liquid. Because proteins disperse as a colloid in the aqueous solution, zeta potential is a key parameter that describes the charge on the protein surface. Since the pH of the phosphate buffered saline (pH 7.2) was higher than the isoelectric point of OVA (pH 4.5), the zeta potential of OVA was electronegative. Compared with crude OVA (-7.15 mV), the value of zeta potential for Ox-OVA continuously decreased with the oxidation time and reduced to -20.5 mV after 3 h oxidation treatment ( Figure 3B ). The results indicated that oxidation resulted in an increase in electronegative groups and a reduction in electropositive groups. As shown in Figures 1A and 1B , carbonylation meant the loss of active amino groups (Lund et al., 2011) , and some part of -SH could be oxidized to sulfoxide acid, both increasing in electronegative groups. Moreover, the electropositive free amino group (-NH 2 ) was decreased during the oxidation treatment ( Figure 3C ). These changes led to a stronger electronegativity zeta potential. Oxidation treatments were expected to change the physicochemical properties of proteins, due to fragmentation, aggregation, and modification of surface groups (Lund et al., 2011) . Study has demonstrated that the surface hydrophobicity of myofibrillar proteins increased after being oxidized by the hydroxyl radical generating system, whereas the zeta potential has a downward trend in the neutral pH solution (Chen et al., 2013a) . Recently, the study of anodic oxidative modification of egg white showed that as the amount of electricity applied increased the thiol groups content of egg white protein decreased, while the surface hydrophobicity increased, accompanied by the formation of OVA dimers or trimers protein molecules (Takahashi et al., 2016c) . These results were similar to our study, and the changes in the molecular characteristics of Ox-OVA were shown in Figure 4 .
Foaming and Emulsification Properties of Ox-OVA
In food industry, egg white is usually used as foaming agent and emulsifiers, and their interfacial properties play an important role in the functionality of egg white. OVA is the most typical representative of egg white protein, then the effect of oxidation on OVA will provide reference information for the application of egg white. During the oxidation of OVA, the formation of carbonyl compounds, changes in molecular surface properties and molecular conformation inevitably would affect the functional properties of OVA. Therefore, the foaming and emulsification properties of Ox-OVA were evaluated.
As a foaming agent, OVA should form an air-trapping film and stabilize the foam. Thus, in the foaming process, it is necessary to migrate to the air-water interface, then unfold and rearrange on the interface to form the interfacial film, and subsequently, maintain the interface and the stability of the film (Guo et al., 2015) . Therefore, FC and FS are employed to evaluate the ability of the foaming properties. As shown in Figure 5 , the FC of Ox-OVA significantly increased (P < 0.05) with the increasing of oxidation time, and reached a maximum of 174% after 3 h treatment, with an increase of 67% compared with the crude OVA (0 h; Figure 5A ). Although the FS showed a different trend, it first increased from 44% and reached a maximum of 80% after 2 h, then decreased to 56% after 3 h ( Figure 5B ). The FS of Ox-OVA showed a more substantial increase than that of FC, suggesting that the oxidation treatment not only promoted the ability of the OVA to form the film at air-water interface but more significantly improved its ability to maintain the stability of the interfacial film. However, excessive oxidation (more than 2.5 h) led to a decrease in the FS of OVA indicating that the control of oxidation was essential.
Emulsification is another important functional property of OVA. With an increase in the oxidation time, the EAI and ESI of Ox-OVA showed a similar trend: increase first and then decrease with the oxidation time. Compared with the crude OVA, the EAI of Ox-OVA rose to 13.45 mL/g protein at 2.5 h with a 72% promotion ( Figure 5C ), while the ESI reached the maximum at 1.5 to 2 h with an increase of 38% ( Figure 5D ). Thus, treatment with the appropriate degree of oxidation treatment significantly improved the foaming and emulsifying properties of OVA. The formation and stability of oil-water interface was the key to emulsification. The increase in surface hydrophobicity of Ox-OVA could improve the balance of hydrophile-lipophile, and might promote the transfer and adsorption to the oil-water interface, leading to a higher rate of adsorption and more stability of the interface (Berton et al., 2016) . The increase in the number of the surface negative charge (as the decrease in zeta potential) of Ox-OVA caused exposure of more area, and could enhance the degree of repulsion between adjacent molecules and would avoid instability caused by aggregation, then benefit the solubility and accelerate the adsorption to oil-water interface, as well as enhance the emulsion stability (Xiong et al., 2016b; Xiong and Ma, 2017) . Therefore, oxidation treatment resulted in changes in surface hydrophobicity and charge, thus exerting a positive effect on the emulsification of Ox-OVA. Previous study showed that the moderate oxidization could lead to the formation of SPI aggregates, and with the increasing of emulsion stability (Chen et al., 2013b) , which was similar with the present results. However, other results demonstrated that a negative effect on the properties of oxidized myofibrillar proteins, along with the changing of surface hydrophobicity and electric charge . These results suggested that oxidation could affect the emulsification properties by altering the molecular structure of the proteins. However, the effects (positive or negative) are different because of different proteins and different degrees of oxidation.
CONCLUSION
Hydroxyl radical-induced oxidation changed the surface chemical groups and structures of OVA, thus enhancing the surface hydrophobicity and increasing the value of zeta potential in the negative direction. These changes had a significant influence on the foaming and emulsifying properties of OVA, and an appropriate degree of oxidative modification could improve the FC, FS, EAI, and ESI of Ox-OVA.
